ABSTRACT The present study was carried out to investigate the effects of stocking density, fumonisin B 1 (FB), and mycotoxin binder (TB) on growth performance, bone quality, physiological stress indicators, and gut health in broiler chickens. Day-old Ross 308 male broiler chicks (n = 1,440/experiment) were randomly allocated to 72 floor pens in a 3 × 2 × 2 factorial arrangement, using 3 stocking densities (12.5 birds/m ), 2 levels of purified FB (0 or 10 ppm), and 2 levels of TB (0 or 0.2%). Each treatment had 6 replicates (n = 6/treatment) and experiments lasted 34 days. All data were analyzed using 3-way ANOVA with stocking density level, FB, and TB as main factors. Body weight gain and feed intake were lower (P < 0.05) in broilers kept at HSD and MSD compared to LSD-housed counterparts. Birds fed an FB-contaminated diet exhibited a higher feed-to-gain ratio compared with those fed an FB-free diet (P < 0.05). None of the treatments affected intestinal morphology or ileal secretory immunoglobulin A levels. Stocking density affected tibia breaking strength (P < 0.05), which was lower in chickens housed at HSD compared with LSD-housed chickens. The heterophil/lymphocyte ratio (H/L ratio) was elevated (P < 0.05) in HSD and MSD groups compared with the LSD group. Serum nitric oxide (NO) levels were elevated (P < 0.05) in chickens fed the FB-contaminated diet compared with the control dietfed counterparts. Significant interaction (P < 0.05) between FB and TB on serum NO levels was noted. In summary, increasing stocking density lowered growth performance and bone quality, but increased the H/L ratio. Dietary TB did not affect FB-induced increases in the feed-to-gain ratio. No interaction was observed between stocking density and FB for the measured variables.
INTRODUCTION
Many stress factors such as stocking density and/or diet-associated contaminants (i.e., mycotoxins) are known to negatively affect the welfare, health, and productivity of commercial poultry (Henry et al., 2000; Mosca et al., 2015; Murugesan et al., 2015) . Dozier et al. (2006) reported that increasing stocking density from 25 to 40 kg of BW/m 2 linearly lowered body weight and feed intake, but increased feed conversion ratio in broiler chickens raised up to 35 d of age. Contradictory results have been reported with regard to the physiological stress responses to stocking density in chickens. For example, Dozier et al. (2006) demonstrated that stocking density did not alter corticosterone, glucose, cholesterol, or the heterophil/lymphocyte (H/L) ratio, which are indicative of stress in broiler chickens. However, other studies reported that increasing stocking density lowered physiological indices, including corticosterone and H/L ratio in chickens Skomorucha et al., 2009 ). In addition, higher stocking density has been shown to affect the bone quality of broilers, reducing shear strength of the tibia due to insufficient rearing space (Buijs et al., 2012) . The maximum recommended and allowed stocking density for broiler chickens has been set at less than 33 kg of BW/m 2 in Europe (European Commission, 2007) . Mycotoxin contamination in feeds is an oftenunderestimated stress factor for broiler chickens. Mycotoxins are known to reduce growth performance and feed efficiency, increase mortality, and compromise 845 the immune system in chickens (Awad et al., 2006; Yegani et al., 2006; Smith et al., 2012) . Fumonisins are secondary metabolites of Fusarium verticillioides, and fumonisin B 1 (FB) is the predominant form among fumonisin analogues (designated as A 1, A 2 , B 1 , B 2 , B 3 , and B 4 ) (Norred, 1993; Voss et al., 2007) . FBcontaminated feed was reported to decrease villus height, villus/crypt ratio (Rauber et al., 2013; Antonissen et al., 2015) , and body weight gain (Ledoux et al., 1992) , and increase several FB-associated clinical signs, including liver necrosis, diarrhea, and rickets in poultry. As FB can affect the intestinal epithelium (Bouhet et al., 2004; Antonissen et al., 2014) , it is known to be a predisposing factor in necrotic enteritis in broiler chickens (Antonissen et al., 2015) . In a recent survey in Korea, it was reported that more than 70% of commercial broiler diets were contaminated with FB, although the levels ranged from as low as 92 μg/kg to as high as 12.8 mg/kg (Kim et al., 2014) . However, these levels are considered negligible, as the maximum recommended FB concentration in chicken feed varies from 20 to 50 mg/kg of diet (Food and Drug Administration [FDA], 2001; European Commission, 2006) . Dietary strategies (e.g., use of toxin binders, TB) to form stable complexes with mycotoxins or to transform mycotoxins into nontoxic metabolites are commonly used to lessen toxicity in chickens (Huwig et al., 2001; Boudergue et al., 2009; Pappas et al., 2014) .
As both stocking density and FB-contaminated feed are important factors that negatively affect animal welfare or health of chickens, it was thought that they might act in an additive or synergistic manner. However, to the best of our knowledge, no reports have examined this hypothesis. Therefore, the present study was conducted to determine whether a combination of stocking density and/or FB-contaminated feed can affect growth performance, intestinal morphology, bone characteristics, and physiological stress indicators in broiler chicks. In addition, dietary TB was added to determine whether it can counteract FB-induced reduction in performance or physiological responses in broiler chickens.
MATERIALS AND METHODS
All animal care procedures were approved by Institutional Animal Care and Use Committee of Konkuk University (KU16138).
Experimental Design
A 3 × 2 × 2 factorial design (Table 1) was used with stocking density, FB, and TB as the main factors. A corn-soybean meal basal diet (Table 2) was fed to chickens. Experimental diets were formulated to mix the basal diet with or without 10 mg/kg purified FB and 0.2% of TB, and were fed to birds kept at 7.5 birds/m 2 (low stocking density: LSD), 10 birds/m 2 (medium stocking density: MSD), or 12.5 birds/m 2 (high stocking density: HSD). Each treatment had 6 replicated pens. Purified FB concentration was confirmed with liquid chromatography-mass spectrometry and was provided by Biomin Korea Ltd., Seoul, Korea. TB used in this study was a mixture of FB-degrading enzyme, mineral-based adsorbing agent, and plant and algae extracts. A total of 1,440 day-old male broiler chicks (Ross 308) was purchased from a local hatchery, weighed upon arrival, and randomly allocated to one of 72 floor pens.
Each pen had a pan feeder with a 52-cm diameter and had rice husks as a bedding material with a floor area of 2 m 2 . Temperature of the facility was initially set at 34
• C during the first wk, then gradually decreased to reach 24
• C at 21 d, and then was maintained. Feed and water were provided ad libitum, and light was provided 23 h/day. Birds and feed intake on a pen basis were monitored weekly. The incidence of mortality was recorded daily to calculate the mortality-adjusted feed intake and feed conversion ratio. Production index (PI) was calculated with the following formula: PI = (livability × average daily gain)/ (feed conversion ratio × 10) (Gonzales et al., 2003) .
Sampling
On d 34, one bird per pen with a weight close to the mean was randomly selected for sampling and euthanized with carbon dioxide. Immediately after euthanasia, blood was taken via cardiac puncture and collected in both heparinized and plain tubes. Serum samples were obtained by gentle centrifugation at 1,700 × g for 15 min and stored at -20
• C until use. Immediately after blood sampling, left breast and left leg meats were sampled, and the intestinal tract was removed. Then, organs (i.e., liver, spleen, and bursa of Fabricius) and abdominal fat were sampled and weighed. Relative organ weights were calculated from the ratio of organ weight to body weight and were expressed as grams per 100 grams of body weight. A segment of ileum (from Meckel's diverticulum to the ileocecal valve) was excised and an ileal segment 2-cm posterior to Meckel's diverticulum was sampled and fixed in 10% neutral buffered formalin solution for more than 48 hours. In addition, a 10-cm mid-ileal segment was dissected and washed with ice-cold saline, and ileal mucosal samples were collected by scraping the mucosal layer. The mucosal layers were then homogenized with 5 volumes of ice-cold saline and centrifuged at 15,000 × g for 10 min, and the supernatants were stored at -20
• C until use.
Intestinal Morphology
Formalin-fixed ileal segments were dehydrated with an alcohol-xylene sequence, embedded in paraffin, and sectioned in 5-μm slides. The sections were then stained with standard hematoxylin and eosin solution, and observed for villus height and width, and crypt depth at 100 × magnification by light microscopy (CKX53, Olympus, Tokyo, Japan) using a calibrated ocular micrometer. Ten microscopic fields per bird were measured. Villus surface area (μm 2 × 10 −3 ) was calculated with the following formula: villus surface area = villus height × (villus diameter at 1/3 of its height + diameter at 2/3 of its height)/2 Incharoen and Yamauchi, 2009 ).
Secretory Immunoglobulin A in Mucosal Scraping
Secretory immunoglobulin A (sIgA) concentrations in ileal mucosal scrapings were measured (Tan et al., 2014; Du et al., 2016) using quantitative chicken IgA enzymelinked immunosorbent assay (ELISA) kits (Bethyl Co., Montgomery, TX) as per the manufacturer's recommendation. The results were normalized against total protein concentration in each sample. Total protein concentrations in ileal scrapings were quantified as described by Bradford (1976) using bovine serum albumin.
Tibia Characteristics
The left tibia was obtained by manually removing attached meats. Breaking bone strength was measured using a testing machine (Instron 3342; Instron Corp., Canton, MA). The sheared tibia pieces were then dried overnight at 105
• C, ashed in a muffle furnace (Isotemp; Fisher Scientific, Pittsburgh, PA) at 600
• C for 2 h, and manually ground in a mortar before mineral content determination. Mineral (Ca, P, and Mg) contents were analyzed with an inductively coupled plasma emission spectrophotometer (Perkin Elmer 3300, Shelton, CT).
Physiological Stress Indicators
Heterophils and lymphocytes from heparinized fresh blood samples were counted using a Hemavet R HV950FS (Drew Scientific, Oxford, CT). Serum samples were used to measure nitric oxide (NO), corticosterone (CORT), and α-1-acid glycoprotein (AGP) using commercially available ELISA kits (NO: R&D Systems; CORT: ENZO; AGP: MyBioSource).
Statistical Analysis
Each pen was considered an experimental unit. Data for all variables were analyzed using 3-way analysis of variance (ANOVA), with the model including stocking density, mycotoxin, and TB as the main factors; interactions were analyzed using a general linear model (SAS 9.4, SAS Institute). Duncan's multiple range test was employed to determine means and differences among treatments. Significant differences among treatments were determined for P < 0.05, and trends were noted when 0.05 < P < 0.10.
RESULTS

Growth Performance and Production Index
Body weight gain was higher (P < 0.001) in chickens kept at LSD compared with those at MSD or HSD during d 1 to 34 (Table 3) . Chickens kept at MSD or HSD ate less (P < 0.001) compared with LSD-kept counterparts during d 22 to 34 or 1 to 34. In contrast, feed-to-gain ratio tended to decrease (P = 0.068) with increasing stocking density during d 1 to 21, but this trend was not found (P > 0.05) thereafter. Feeding FBcontaminated diets did not affect weight gain or feed intake during the entire period of the experiment. However, chickens fed the FB-contaminated diet exhibited higher (P = 0.019) feed-to-gain ratio compared with the control diet-fed chickens during d 1 to 34. Dietary TB did not influence growth performance. Significant interaction (P = 0.046) between stocking density and TB with regard to body weight gain during d 1 to 21 was observed. Body weight gain increased as the stocking density increased in the absence of TB, but this trend was reversed by the presence of TB. PI was high (P < 0.001) in LSD vs. MSD-or HSD-raised chickens (Table 4) . On the other hand, there was no difference (P > 0.05) in mortality among treatments.
Relative Organ and Abdominal Fat Weights
Relative liver, spleen, and abdominal fat weights were not affected (P > 0.05) by stocking density, FB, or TB (Table 5) . However, relative weight of the bursa of Fabricius was higher (P = 0.037) in the HSDraised birds compared with those raised at LSD. The MSD-raised birds exhibited intermediate bursal weight. No interaction among stocking density, FB, and TB was detected.
Intestinal Morphology
Stocking density, FB, and TB did not (P > 0.05) affect any parameters of ileal morphology in the chicks (Table 6 ). Marginal interactions between stocking density and TB for crypt depth (P = 0.074) and villus surface area (P = 0.054), and between FB and TB for crypt depth (P = 0.056) were noted (Table 6 ).
Ileal sIgA
sIgA concentration in ileal mucosa was not affected (P > 0.05) by stocking density, FB, or TB (Table 6 ). Significant (P = 0.042) or marginal (P = 0.054) interactions between stocking density and TB, or FB and TB for ileal sIgA were observed.
Tibia Characteristics
Tibia breaking strength was low (P = 0.045) in the HSD-vs. LSD-raised chickens (Table 7) . The MSDraised chickens showed intermediate tibia breaking 1 FB = fumonisin; TB = toxin binder; LSD = low stocking density; MSD = medium stocking density; HSD = high stocking density.
2 Production index = European production index = [body weight gain, kg × livability, %)/(feed conversion ratio × age, days)] × 100.
3 SEM = pooled standard error of the means. 4 Values are LS means of 6 replicates per treatment. a,b Values (n = 6/treatment) having a different superscript within a column differ significantly (P < 0.05).
strength. However, no interaction between main factors for tibia breaking strength was noted. Calcium content in the tibia was highest (P = 0.005) in the LSD-vs. MSD-or HSD-raised chickens. On the other hand, tibia ash, P, and Mg contents were not affected by the treatments, and no interaction among stocking density, FB, and TB was detected (Table 7 ).
Physiological Stress Indicators
Blood H/L ratio was significantly low (P = 0.002) at LSD compared with the ratio at MSD or HSD (Table 8) . Dietary FB did not affect (P > 0.05) blood H/L ratio. On the other hand, serum NO levels were significantly elevated (P = 0.042) in chickens fed the FBcontaminated diet compared with the control diet-fed chickens, but stocking density did not affect the level. Of interest, significant interaction (P = 0.007) between FB and TB for serum NO levels was noted. Dietary TB increased or decreased NO levels, depending on the absence or presence of FB, causing an interaction between the 2 factors. However, serum AGP and CORT levels were not affected by stocking density, dietary FB, or TB (P > 0.05).
DISCUSSION
No strong interactions between 2 factors (i.e., FB and stocking density) were detected with respect to growth performance, bone quality, gut health, and blood stress indicators. In line with our findings, increasing stocking density was found to lower weight gain and feed intake Estevez, 2007; Cengiz et al., 2015) , tibia breaking strength with concomitant decrease in ash calcium content (Buijs et al., 2012) , and serum H/L ratio Shakeri et al., 2014) in broiler chickens, while dietary FB alone increased feedto-gain ratio in broiler chickens and serum NO levels in rodents (Dombrink-Kurtzman et al., 2000) . Thus, the lack of interaction between FB and stocking density was not due to the absence of FB or stocking density-induced effects in broiler chickens. FB at a concentration of 10 mg/kg of diet was not sufficient to affect the stocking density-induced effects in chickens, leading to the lack of apparent interaction. Thus, it is not known whether increasing FB levels up to 100 or 300 mg/kg of diet Javed et al., 1993; Rauber et al., 2013) would aggravate the stocking density-induced depression in performance, health, or welfare of broiler chickens. The stocking density and FB concentration used in this study are considered to be moderate. For example, HSD was set at 0.08 m 2 /bird in this study, while HSD in previous studies ranged from 0.030 to 0.067 m 2 /bird (Guardia et al., 2011; Abudabos et al., 2013; Hongchao et al., 2014; Shakeri et al., 2014) . It has been reported that increasing stocking density decreased growth performance or villus height (Beloor et al., 2010; Hongchao et al., 2014; Shakeri et al., 2014) , increased the incidence of foot pad dermatitis (Hongchao et al., 2014) , altered behaviors (Hall, 2001) , and increased stress-associated indicators (i.e., acute phase protein, CORT, H/L ratio; Shakeri et al., 2014) in broiler chickens. However, the absence of a clear effect with increased stocking density in chickens (Nogueira et al., 2013; Wang et al., 2014) also has been reported. In addition to the absence of effects due to stocking density, the effects of FB levels also were considered negligible. A recent survey (Seo et al., 2013) found the presence of approximately 4 mg FB/kg of diet in commercial poultry feeds. However, when the diet was contaminated with less than 100 mg FB/kg of diet, no effect on growth performance was seen in broiler chickens (Henry et al., 2000; Antonissen et al., 2015; Antonissen et al., 2017) , although the sphinganine: sphingosine ratio, a biomarker of FB exposure in animals, was increased (Henry et al., 2000; Antonissen et al., 2015) . On the other hand, FB levels greater than 100 mg/kg of diet clearly decreased growth and increased mortality rates Javed et al., 1993; Rauber et al., 2013) . Thus, 10 mg FB/kg of diet used in this study, despite being within the contaminant levels in the chicken feeds (Kim et al., 2014) , is considered low with respect to its impact on chickens.
An unexpected observation emerged from this study. In sharp contrast to previous findings (Heckert et al., 2002; Ravindran et al., 2006) , increasing stocking density significantly increased relative bursal weight. It is generally thought that environmental stressors (i.e., stocking density) may be associated with a decrease in primary and secondary lymphoid organs (Heckert et al., 2002) , although no apparent effect on lymphoid weight (Buijs et al., 2012) has been reported. Unfortunately, we did not monitor humoral immune responses in this study. Thus, in-depth evaluation of local and systemic immune responses in broiler chickens raised at different stocking densities is warranted. As high stocking density and mycotoxin contamination in feeds are considered stress factors in poultry, several parameters, including H/L ratio, NO, AGP, and CORT, were determined as the main adaptive stress response indices of poultry (Puvadolpirod and Thaxton, 2000) . It is clear from the current study that increasing stocking density increased H/L ratio, and FB increased serum NO levels. However, neither stocking density nor FB affected serum concentrations of AGP and CORT. Although increasing stocking density is known to affect stress indicators such as AGP, CORT, and H/L ratio (Shakeri et al., 2014) , no clear stress-induced effect Türkyilmaz, 2008) was noted. In addition, an increased H/L ratio was found in broilers fed 10 mg/kg of deoxynivalenol, which is also a Fusarium mycotoxin (Ghareeb et al., 2012) , and in turkeys fed 75 mg/kg of FB (Bermudez et al., 1996) . On the other hand, purified FB did not affect CORT in broiler chickens (Antonissen et al., 2015) . Thus, it seemed that there is no single physiological indicator for detecting stressed birds. Serum NO level, which is a direct indicator of oxidative stress (Lancaster Jr, 1996) and a measure of immune status (Lillehoj and Li, 2004) , increased by 26% in FB-fed chickens compared with the control counterparts , indicating that the mycotoxin could induce NO production in macrophages and monocytes. Uncontrolled NO production is known to induce gut damage (Allen, 1997) , albeit that the FB-induced NO increase in this study was not accompanied by altered gut morphology or ileal sIgA levels. The FB-induced increase in NO may account for FB as a predisposing factor in the pathogenesis of necrotic enteritis or coccidiosis (Antonissen et al., 2015) . In addition, the mitigating effect of dietary TB on FB-induced NO levels was noted. This is expected, as TB used in this study contained an FB-degrading enzyme, a mineral-based adsorbing agent, and plant and algae extracts.
Although we failed to see interactions between stocking density and FB, and FB and TB (except for NO), a significant interaction between stocking density and TB was found for body weight gain and ileal sIgA levels at 21 days. Increasing stocking density increased weight gain in chickens fed a TB-free diet, but decreased weight gain in chickens fed a TB-added diet. Ileal sIgA levels were elevated in birds raised in HSD with a TB-added diet, and in those raised in MSD with a TB-free diet. These results were unexpected, as TB is presumed to act on mycotoxins present in feeds and/or gut contents. Indeed, TB alone did not affect any of the many parameters measured in this study. At this stage, the underlying basis for the observed interaction between stocking density and TB is not clear.
In conclusion, the present study demonstrated that increasing stocking density decreased growth performance and tibial bone quality, and increased relative bursa weight and H/L ratio in broiler chickens. In addition, dietary FB increased the feed-to-gain ratio and serum NO levels in broiler chickens. A significant interaction between FB and TB with respect to the NO levels was noted. However, there was no interaction between stocking density and FB for any of the measurements. Further studies are warranted to determine whether failure of FB to interact with stocking density in broiler chickens may be due to the low level of FB used in this study. Finally, whether the effect of increasing stocking density on the increase in relative bursa weight is related to altered acquired immune response should be addressed.
